Several independent lines of evidence indicate that interferon-mediated innate responses are involved in controlling herpes simplex virus type 1 (HSV-1) infection and that the viral immediate-early regulatory protein ICP0 augments HSV-1 replication in interferon-treated cells. However, this is a complex situation in which the experimental outcome is determined by the choice of multiplicity of infection and cell type and by whether cultured cells or animal models are used. It is now known that neither STAT1 nor interferon regulatory factor 3 (IRF-3) play essential roles in the replication defect of ICP0-null mutant HSV-1 in cultured cells. This study set out to investigate the specific role of ICP0 in HSV-1 resistance to the interferon defense. We have used a cell line in which ICP0 expression can be induced at levels similar to those during the early stages of a normal infection to determine whether ICP0 by itself can interfere with interferon or IRF-3-dependent signaling and whether ICP0 enables the virus to circumvent the effects of interferon-stimulated genes (ISGs). We found that the presence of ICP0 was unable to compromise ISG induction by either interferon or double-stranded RNA. On the other hand, ICP0 preexpression reduced but did not eliminate the inhibitory effects of ISGs on HSV-1 infection, with the extent of the relief being highly dependent on multiplicity of infection. The results are discussed in terms of the relationships between ICP0 and intrinsic and innate antiviral resistance mechanisms.
The innate immune response mediated through the interferon (IFN) pathway is an important component of antiviral defense mediated by individual cells and whole organisms (10, 28) . In turn, many viruses express proteins that counteract the effects of the IFN response (28) . In the case of herpes simplex virus type 1 (HSV-1), highly defective HSV-1 mutants activate expression of IFN-stimulated genes (ISGs) through a mechanism that is independent of IFN itself but dependent on IFN regulatory factor 3 (IRF-3) (2, 3, 19, 23, 26) . HSV-1 mutants that do not express the immediate-early (IE) regulatory protein ICP0 are more sensitive than the wild-type (wt) virus to IFN pretreatment of cultured cells (13, 20) , and ICP0-null mutant HSV-1 is much more pathogenic in mice unable to respond to IFN (12, 15) . Furthermore, a number of experimental systems have presented evidence suggesting that a specific function of ICP0 is to interfere with IFN and/or IRF-3-dependent IFN responses (3, (16) (17) (18) 21) . However, we have reported recently that the replication defect of ICP0-null mutant HSV-1 is not complemented in cultured cells lacking either STAT1 or IRF-3 (9) , which raises the question of whether the relative sensitivity of ICP0-null mutant HSV-1 to an IFNinduced antiviral state results from the absence of a specific effect of ICP0 on IFN pathways or is, rather, an indirect consequence of the disabled virus being intrinsically less able to replicate in cells expressing ISGs (9) .
The investigation of these complex issues is difficult because sensitivity to IFN is highly dependent on multiplicity of infection (MOI) (9) and cell type (20) . Therefore, we sought to develop a system in which the specific effects of ICP0 could be examined in the absence of HSV-1 infection and which avoids potential complications arising from the use of viral vectors or plasmid transfection technologies. In an accompanying paper, we describe the construction of a cell line that expresses ICP0 at physiological levels in an inducible manner (7) . The cells allow 100% complementation of plaque formation by ICP0-null mutant HSV-1, and induction of ICP0 expression induces efficient reactivation of gene expression from quiescent HSV-1 genomes (7). We have used these cells to investigate whether, by itself, ICP0 is able to impede induction of ISGs in response to IFN (through the normal STAT1 signaling pathway) or to interfere with IRF-3-dependent activation of ISGs induced by double-stranded RNA, the archetypal pathogen-associated molecular pattern (PAMP). We found that preexpression of ICP0 had no deleterious effect on either pathway. On the other hand, preexpression of ICP0 decreased (but did not eliminate) the sensitivity of HSV-1 to an IFN-induced antiviral state. We discuss the relationship between ICP0 and intrinsic and innate cellular defenses to HSV-1 infection.
MATERIALS AND METHODS
Viruses and cells. The viruses used were wt HSV-1 strain 17ϩ and its derivative in1863 that contains the lacZ gene under the control of the human cytomegalovirus promoter/enhancer inserted into the tk gene (kindly provided by Chris Preston). HSV-1 mutant virus in1374 contains the tsK lesion in ICP4, a deletion of the ICP0 gene, and a mutation within VP16 that inactivates its ability to stimulate IE gene expression (27) . All viruses were grown in BHK (baby hamster kidney) cells and titrated in U2OS cells, in which ICP0 is not required for efficient replication of HSV-1. Virus in1374 was propagated at the permissive temperature of 31°C and grown in the presence of 2.5 mM hexamethylbisacetamide (27) . Human diploid fibroblasts (HFs) and U2OS cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum.
BHK cells were grown in Glasgow modified Eagle's medium supplemented with 10% newborn calf serum and 10% tryptose phosphate broth. HepaRG hepatocyte cells (11) were grown in William's medium E supplemented with 10% fetal bovine serum Gold (PAA Laboratories Ltd.), 2 mM glutamine, 5 g/ml insulin, and 0.5 M hydrocortisone. All cell growth media were supplemented with 100 units/ml penicillin and 100 g/ml streptomycin. Lentivirus-transduced cells were maintained with continuous antibiotic selection, as appropriate.
Induction of ICP0 expression. The construction and characterization of a cell system that allows efficient inducible expression of ICP0 are described in an accompanying paper (7) . The control cells used to construct the inducible cell line are named HA-TetR cells, and the inducible cells themselves are named HA-cICP0 cells. HA-cICP0 cells were treated with medium containing tetracycline (catalog no. T7660; Sigma-Aldrich) at 0.1 g/ml for 24 h. Tetracycline was maintained in the medium throughout the duration of an experiment after the initial induction in order to maintain expression of ICP0.
Virus plaque, yield, and reactivation assays. For plaque assays, cells were seeded into 24-well dishes at 1 ϫ 10 5 cells per well and then infected the following day with appropriate sequential threefold dilutions of in1863 or dl1403/ CMVlacZ. After virus adsorption, the cells were overlaid with medium containing 1% human serum, and then the cells were stained for ␤-galactosidase-positive plaques 24 h later, as described previously (14) . For virus yield assays, cells in 12-well dishes were infected with viruses at the multiplicities stated in the text; 24 h later the cells were scraped into the medium, and the mixture was sonicated and clarified prior to titration on U2OS cells.
IFN methods. For IFN treatment experiments, medium containing human IFN-␤ (catalogue no. 407318; Calbiochem) at the stated concentrations was added to the cells 1 day after seeding; the cells were then incubated for a further 24 h before the next stage of experimentation (as detailed in the text). The cells were maintained with medium containing IFN-␤ at the same concentration throughout the course of the subsequent experiment. For induction of ISG expression by double-stranded RNA, cells were seeded into 24-well plates, and then the following day they were washed twice with serum-free medium before the addition of serum-free medium containing poly(I ⅐ C) (catalog no. P1530; Sigma-Aldrich) at 100 g/ml. After incubation for 2 h, the cells were washed four times with serum-free medium, and then normal medium was replaced with or without tetracycline, as relevant. The cells were then incubated overnight before being harvested for Western blot analysis.
Infections and Western blot analysis. Cells were seeded into 24-well dishes at 1 ϫ 10 5 cells per well and then harvested the following day. Cell monolayers were washed twice with phosphate-buffered saline before being harvested in sodium dodecyl sulfate-polyacrylamide gel electrophoresis loading buffer. Proteins were resolved on 7.5% sodium dodecyl sulfate gels (12.5% gels for detection of ISG15) and then transferred to nitrocellulose membranes by Western blotting. The following antibodies were used: anti-ICP0 mouse monoclonal antibody (MAb) 11060 (5), anti-actin MAb AC-40 (Sigma-Aldrich), anti-ICP4 MAb 58S (29) , anti-ISG15 rabbit serum H-150 (sc-50366; Santa Cruz Biotechnology, Inc.), and anti-phosphor-STAT1 (tyrosine 701) (58D6; Cell Signaling Technology).
RESULTS

ICP0 is unable to interfere with induction of ISGs by IFN or via an IRF-3-dependent mechanism.
In the accompanying paper we describe the construction and characterization of a cell line, HA-cICP0, in which ICP0 expression can be induced in virtually all cells simply by adding tetracycline to the medium (7). The parental HA-TetR cell line is based on HepaRG hepatocyte cells (11) , which are a good host for HSV-1 and in which replication of ICP0-null mutant virus is substantially compromised (6, 7) . To assess the relative levels of ICP0 expressed during HSV-1 infection and after tetracycline induction, HA-TetR cells were infected with wt HSV-1 (MOI of 1), and samples harvested at 1, 2, and 4 h after infection were analyzed for ICP0 expression in comparison with samples of HA-cICP0 cells that were untreated or had been treated with tetracycline. Figure 1A illustrates that HA-cICP0 cells express ICP0 in amounts that are similar to those during the first 2 to 4 h of wt HSV-1 infection. Densitometric analysis indicated that the amounts of ICP0 at the 1-, 2-, and 4-h time points were induced 0.08-, 0.42-, and 1.36-fold relative to the level in HAcICP0 cells.
Having established a system in which virtually all cells of a population could be induced to express ICP0 that was fully functional in terms of complementation of ICP0-null mutant HSV-1 (7), we were in a position to test specific effects of the protein. An issue of current interest is whether ICP0 of itself can specifically interfere with the IFN response. Previous work had reported that ICP0-null mutant HSV-1 is hypersensitive to IFN pretreatment (13, 20, 21) , that defective HSV-1 mutants induce ISG expression though an IRF-3-dependent pathway (3, 19, 23, 26) , and that ICP0 expressed from viral vectors can impede this response (3, 17) . We recently tested the hypothesis that these effects might be a major factor in the plaque-forming defect of ICP0-null mutant HSV-1 in HFs. Perhaps surprisingly, we found that neither STAT1 nor IRF-3 played any role in the ICP0-null mutant defect and that the previously reported apparent hypersensitivity of ICP0-null mutant HSV-1 was a complex issue that was critically dependent on MOI and choice of assay (9) . At a low MOI (0.001), wt HSV-1 yield was as sensitive to the effects of IFN pretreatment as that of the mutant, but with increasing MOIs the wt eventually became resistant while the sensitivity of the mutant, although decreased by increasing the multiplicity, could not be reduced to zero (9) . These and other observations in our previous paper left open the question whether ICP0 itself could impede the IFN response. HA-cICP0 cells provided an ideal opportunity to test this hypothesis. HA-TetR and HA-cICP0 cells were treated with tetracycline or left untreated, and then 24 h later the cells were challenged with IFN-␤ at 50 U/ml. Samples were prepared for Western blot analysis at 8 and 24 h after IFN treatment. The results clearly show that ISG induction, as detected by expression of ISG15, was unaffected by the presence of ICP0 (Fig. 1B) . Therefore, ICP0 does not interfere with any step of the pathway leading from IFN engagement with its receptor at the cell surface through to synthesis of a representative ISG. We next tested whether ICP0 can interfere with an IRF-3-dependent response. IRF-3 is a crucial factor in the signal transduction pathway by which engagement of various PAMPs leads to stimulation of IFN-␤ gene transcription and subsequent induction of ISGs (28) . PAMPs can include defective HSV-1 mutants (as noted above) and double-stranded RNA, one of the strongest ISG inducers. Since poly(I ⅐ C) can be used as a surrogate for authentic double-stranded RNA, we treated HATetR and HA-cICP0 cells with poly(I ⅐ C) after treatment with tetracycline, using controls analogous those of the above experiment. Figure 1C shows that poly(I ⅐ C) stimulated ISG15 expression in HA-TetR and HA-cICP0 cells, and the extent of the induction was unaffected by prior induction of ICP0 expression. Therefore, it is clear that in this cell type and by this assay, ICP0 does not interfere with IRF-3-dependent signal transduction. Although this conclusion might seem at variance with some previously published work (3, 16, 17) , we note that this is a simple direct test without complicating features, and more recent analysis using other systems in another laboratory has yielded results that are consistent with those shown in Fig.  1B (Karen Mossman, personal communication) .
Since many previous studies investigating the relationship between IFN, HSV-1 infection, and ICP0 have been performed in HFs, we compared HepaRG and derivative cells with HFs in terms of production of phosphorylated STAT1 and ISG15 induction. Figure 1D illustrates that neither of these two key indicators of an intact IFN response is defective in HepaRG lines compared to HFs. However, in order to test whether preexpression of ICP0 could counteract the induction of ISGs that occurs in response to defective HSV-1 infection in HFs and Vero cells (3, 19, 23) , we also tested whether infection with defective HSV-1 mutant in1374 or UV-inactivated HSV-1 mutant in1312 (which carries the same lesions as in1374 in VP16, ICP0, and ICP4) induced ISG15 in HepaRG-derived cells. Although in1374 induced ISG15 expression in HFs (9), no such response was detectable in HepaRG-derived cells (data not shown). Therefore, we could not test whether preexpression of ICP0 interferes with this response using the tools described here. However, if it did so, it would have to be at a stage upstream of IRF-3 activation since ISG induction by defective HSV-1 is dependent on IRF-3 (2, 9), and the results shown in Fig. 1C demonstrate that events downstream of IRF-3 are not impeded by preexpressed ICP0.
ICP0 can partially overcome a preexisting IFN-induced antiviral state. The above results demonstrate that ICP0 cannot interfere with major components of the IFN response, but considerable previous work implies that ICP0 renders the virus less sensitive to an IFN-induced antiviral state, at least at higher MOIs (9, 13, 19, 20) . Therefore, we used the HA-cICP0 cell system to investigate whether such cells became more permissive for HSV-1 infection after IFN treatment if ICP0 was preexpressed. We conducted two series of experiments, first using simple plaque assays and, second, by measuring virus yields after infection at a range of multiplicities.
HA-TetR and HA-cICP0 cells were pretreated with IFN-␤ at concentrations varying from 0 to 200 U/ml, and then plaque assays were conducted with wt HSV-1 (in1863). Figure 2 (upper panel) shows that plaque formation was inhibited by nearly 2 orders of magnitude in both cell types at the highest IFN concentration used. In a parallel experiment, both cell types were first incubated in the presence of tetracycline for 24 h to induce ICP0 expression in HA-cICP0 cells before IFN treatment. Preexpression of ICP0 reduced the IFN sensitivity of wt HSV-1 by about 20-fold, but note that plaque numbers were still reduced on average by fourfold in ICP0-expressing cells (Fig. 2, lower panel) . Therefore, it appears that ICP0 reduces but does not eliminate HSV-1 sensitivity to an induced IFN response, as detected simply by plaque formation.
However, since plaque sizes were significantly reduced after IFN pretreatment, we also measured virus yields 24 h after infection at various multiplicities of HA-cICP0 cells with or without preinduction of ICP0 expression. As observed previously (9), sensitivity of wt HSV-1 to IFN pretreatment in this assay is low at a relatively high MOI (MOI of 0.1), but virus yields can be reduced by up to 3 orders of magnitude if input multiplicity is reduced to 0.001 (Fig. 3, upper panel) . Although preexpression of ICP0 increased wt HSV-1 yields at a low MOI, virus replication was still inhibited by around 100-fold in these experiments (Fig. 3, lower panel) . The apparent differences between the results shown in Fig. 2 and 3 can be explained by reduced plaque size and probably reduced yields of virus per infected cell in all cell types in the presence of IFN. It is clear that preexpression of ICP0 is unable to eliminate the effects of an IFN-induced antiviral state during at a low MOI. At higher MOIs, however, ICP0 preexpression relieves IFNinduced repression to a significant extent. This conclusion was further supported by Western blot analysis of cells infected with wt HSV-1 at an MOI of 1 for 6 h, following a protocol of ICP0 induction and IFN pretreatment (Fig. 4) . This experi-ment reveals a marked increase in ICP4 expression in IFNtreated cells if ICP0 is induced prior to infection (Fig. 4 , lower panel, far right lane).
Taken together, the results shown in Fig. 1 to 4 demonstrate that (i) ICP0 is unable to impede induction of ISGs by two major pathways and (ii) that it is unable to eliminate completely the inhibitory effects of ISGs themselves although it does result in a decrease in their effectiveness, especially in higher-multiplicity infections.
DISCUSSION
This study is concerned with the relationship between ICP0 and IFN-mediated antiviral defense. This is a pertinent question since IFN pathways are important for controlling HSV-1 infection in mice, and ICP0-null mutant viruses are particularly sensitive to this defense (12, 15) . Although the extent of the effect differs with cell type and multiplicity, several studies have reported that ICP0-null mutant HSV-1 is less able to replicate than wt virus in the face of an antiviral defense induced by IFN pretreatment (1, 9, 13, 19, 20) . Defective HSV-1 mutants induce an IFN response via an IRF-3-dependent pathway (2, 3, 16-19, 21, 23, 26) , and ICP0 has been implicated in counteracting ISG induction in a variety of different assays (3, 16, 18,   21 ). However, complete depletion of IRF-3 function had no effect on the plaque-forming efficiency of ICP0-null mutant HSV-1 (9), reopening the question of whether ICP0 plays a specific role in impeding IRF-3-dependent induction of ISGs. The experiments presented here clearly demonstrate that ICP0 expressed in the nucleus in amounts similar to those at early times of infection is unable to inhibit either IFN or IRF-3-dependent induction of a typical ISG. Nonetheless, preexpression of ICP0 significantly improved HSV-1 plaque formation in IFN-pretreated cells and partially protected virus replication efficiency from an IFN-induced antiviral state.
An important consideration for analysis of the results presented here is that the level of ICP0 expressed in induced HA-cICP0 cells, although sufficient to complement plaque formation by ICP0-null mutant HSV-1 and to derepress quiescent HSV-1 genomes at maximum efficiencies (7) , is restricted to that pertaining during the first few hours of infection ( Fig. 1  and 4) . Therefore, it is clear that amounts of ICP0 sufficient to be fully effective in its core biological functions (lytic replication and derepression of quiescent genomes) do not affect IFN-or IRF-3-dependent signaling events. However, ICP0 accumulates to much higher levels at later times of a normal infection and also in most other expression systems, such as plasmid transfection, ICP4-defective HSV-1 mutant infections, or adenoviral vectors engineered for high-level expression. Accordingly, this study would not detect effects that are dependent on very high levels of ICP0 expression. Therefore, we cannot exclude the possibility that interference in IFN pathways might occur during later stages of HSV-1 infection in an ICP0-dependent manner. However, if this were to occur, it would be unlikely to have significant biological impact on the infected cell itself because at this stage the infection would have progressed to a point analogous to one at a high MOI and would, therefore, be relatively resistant to inhibition by the IFN response. Regardless of whether high levels of ICP0 are able to achieve effects undetected in this study, the results shown in Fig. 3 and 4 demonstrate that ICP0 expression at the levels in induced HA-cICP0 cells are able to diminish the inhibitory effects of ISGs on HSV-1 replication efficiency. We suggest two working hypotheses that are consistent with these observations. The first is that ICP0 improves HSV-1 replication in IFN-treated cells nonspecifically by increasing the robustness of viral gene expression to an extent that overcomes, at least partially, the inhibitory effect of ISGs. The second possibility is that ICP0 directly targets the inhibitory effects of one or more ISGs in addition to its effects on cellular intrinsic resistance pathways. Indeed, it is possible that the intrinsic and innate resistance mechanisms have elements in common. We note that the cellular promyelocytic leukemia (PML) and Sp100 proteins, prominent components of nuclear substructures known as PML nuclear bodies, or ND10, are both expressed from IFN-responsive genes and that both have been implicated in an intrinsic cellular antiviral defense (4, 6, 8, 22) . Furthermore, it has been suggested that PML is required for the IFN-induced anti-HSV-1 defense (1) although the quantitative impact of this effect does not explain the full extent of IFNmediated inhibition (9), nor is PML solely responsible for the intrinsic (IFN independent) antiviral defense (6, 8, 9 ).
The first model proposed above implies that the primary effect of ICP0 is to eliminate intrinsic cellular resistance to HSV-1 infection mediated through preexisting proteins that act to repress viral gene expression and that this repression is separable from the inhibitory effects of ISGs. In other words, in IFN-treated cells the intrinsic and innate antiviral effects are additive. In this model, ICP0-defective viruses appear more sensitive than the wt to the effects of IFN and ISGs because they are unable to impede the underlying intrinsic resistance and are thus subject to the additive effects of both defenses in IFN-treated cells. In contrast, the wt virus would be inhibited by only the innate response in such cells. In the second model, the intrinsic and innate defenses are still at least partially separable, but the mechanism by which ICP0 counters the intrinsic defense also renders less efficient the inhibitory effect of one or more ISGs themselves. Finally, it is important to make a distinction between the cultured cell systems and analyses presented here and the situation in mouse models, in which it is clear that IFN pathways play a central role in controlling HSV-1 infections, particularly of ICP0-null mutant virus (12, 15, 24, 25) . The cultured cell systems allow dissection of molecular mechanisms while the animal models present a more holistic analysis in which the effects of intrinsic, innate, and acquired immunity combine to control the infection.
